Many studies have reported the occurrence of lethal acute renal failure after snakebites. The aim of the present investigation was to determine alterations in renal function produced by Crotalus durissus terrificus venom and crotoxin as well as the histological alterations induced by these venoms. Isolated kidneys from Wistar rats weighing 240 to 280 g were perfused with Krebs-Henseleit solution containing 6 g% of previously dialyzed bovine serum albumin. The effects of Crotalus durissus terrificus venom and crotoxin were studied on glomerular filtration rate (GFR), urinary flow (UF), perfusion pressure (PP) and percentage sodium tubular transport (%TNa + ). The infusion of Crotalus durissus terrificus venom (10 µg/ml) and crotoxin (10 µg/ml) increased GFR (control 80 = 0.78 ± 0.07, venom 80 = 1.1 ± 0.07, crotoxin 80 = 2.0 ± 0.05 ml g -1 min -1 , P<0.05) and UF (control 80 = 0.20 ± 0.02, venom 80 = 0.32 ± 0.03, crotoxin 80 = 0.70 ± 0.05 ml g -1 min -1 , P<0.05), and decreased %TNa + (control 100 = 75.0 ± 2.3, venom 100 = 62.9 ± 1.0, crotoxin 80 = 69.0 ± 1.0 ml g -1 min -1 , P<0.05). The infusion of crude venom tended to reduce PP, although the effect was not significant, whereas with crotoxin PP remained stable during the 100 min of perfusion. The kidneys perfused with crude venom and crotoxin showed abundant protein material in the urinary space and tubules. We conclude that Crotalus durissus terrificus venom and crotoxin, its major component, cause acute nephrotoxicity in the isolated rat kidney. The current experiments demonstrate a direct effect of venom and crotoxin on the perfused isolated kidney.
Introduction
Snakebites represent a serious public health problem in developing countries due to their high incidence, severity and sequelae (1) . In Brazil, fatal cases of bites involving Crotalus durissus terrificus are high, corresponding to 72% of cases not submitted to specific serum treatment and to 11% of cases submitted to specific treatment (2) . Between 1992 and 1995, 172 annual cases of snakebites were reported by the Health Secretary Office of Ceará State (3) .
Crotalus venom produces neurotoxicity, coagulation disorders, systemic myotoxicity and acute renal failure (4) , with possible additional heart and liver damage (5) (6) (7) . This venom contains enzymes, toxins (crotoxin, crotamine, gyroxin, convulxin) and several peptides (5) . Crotoxin, the major component of Crotalus durissus terrificus venom, is a neurotoxin composed of two subunits, crotapotin and phospholipase A 2 (8) (9) (10) (11) . In addition to being neurotoxic, crotoxin also exerts nephrotoxic effects when inoculated into laboratory animals (2, 12) .
Acute renal failure is a frequent complication observed in victims of snakebites (2, 13) . The pathogenesis of acute renal failure after viper bites appears to be multifactorial. A direct toxic effect of the venom on tubular cells has been suspected (14) . Rhabdomyolysis is also associated with acute renal failure among victims of Crotalus durissus terrificus bites (15, 16) .
The perfusion method eliminates systemic manifestations that may interfere with renal function, providing an experimental model to assess the direct action of venom on the kidney.
The aim of the present investigation was to examine the nephrotoxicity of Crotalus durissus terrificus venom and crotoxin, its principal component, using the isolated rat kidney model, as well as the histological alterations induced by the venom.
Material and Methods
All chemical reagents were analytical grade and were purchased from Sigma (St. Louis, MO, USA). Crotalus durissus terrificus venom was obtained from Fundação Ezequiel Dias (Belo Horizonte, MG, Brazil).
Experimental animals
Adult male Wistar rats weighing 240 to 280 g were fasted 24 h before each experiment, with free access to water. The animals were anesthetized with pentobarbital sodium (50 mg/kg body weight).
Perfusion solution
The perfusion fluid was a modified KrebsHenseleit solution of the following composition: 147 mM Na + , 5 mM K + , 2.5 mM Ca 2+ , 2 mM Mg 2+ , 110 mM Cl -, 2.5 mM HCO 3 -, 1 mM SO 4 2-, 1 mM PO 4 2-. Bovine serum albumin (BSA, 6 g%, fraction V), 0.075 g urea, 0.075 g inulin and 0.15 g glucose were added to the solution for a final perfusate volume of 100 ml. BSA was previously dialyzed for 48 h at 4 o C against 1.5 liters Krebs, with changes in the solution after 24 h (17,18). The pH was adjusted to 7.4.
Perfusion system
The perfusion system was based on Bowmans technique (19) which was modified (20, 21) by the addition of an artificial lung to improve oxygenation (22) and a 1.2-µm millipore filter (23) . The flow calibration and the resistance of the system were determined before each experiment. Perfusion pressure was determined at the tip of a stainless steel cannula and measured with a mercury manometer.
Surgical technique
The right renal artery was cannulated through the upper mesenteric artery and the kidney was isolated (24, 25) , allowing uninterrupted perfusion of the kidney.
Experimental protocol
After an equilibration period of 15 to 20 min, the experiments were carried out for 100 min with the venom added at 30 min of perfusion. Perfusion pressure was measured at 5-min intervals. Samples of the perfusate were collected each 10 min for the determination of sodium, potassium, and inulin levels and osmolality. The urine flow rate was also measured at 10-min intervals. Sodium and potassium concentrations were deter-mined by flame photometry (flame photometer Model 445) and inulin levels were also determined (19, 25) . The osmolality of the samples was measured with an advanced instrument osmometer (WESCOR 5100c vapor pressure) (26) .
Histological evaluation
After the experiment, both right and left kidneys were fixed with 10% formaldehyde and then cut into small segments which were stained with hematoxylin and eosin and processed for light microscopy observation.
Statistical analysis
Data were analyzed statistically by analysis of variance (ANOVA). Results are reported as means ± SEM for eight experiments in each experimental group, with the level of significance set at P<0.05.
Results

Control group perfused with albumin
The renal functional parameters of the control group perfused with albumin dissolved in Krebs-Henseleit remained stable throughout the experimental perfusion period. Data are reported as means ± SEM ( Table 1) .
Effect of Crotalus durissus terrificus venom and crotoxin
The crude venom (10 µg/ml) and crotoxin (10 µg/ml) produced in the isolated perfused kidney a significant progressive increase in glomerular filtration rate (control 80 = 0.78 ± 0.07 ml g -1 min -1 , venom 80 = 1.1 ± 0.07 ml g -1 min -1 , crotoxin 80 = 2.0 ± 0.05 ml g -1 min -1 , P<0.05) (Figure 1) , and urinary flow (control 80 = 0.20 ± 0.02 ml g -1 min -1 , venom 80 = 0.32 ± 0.03 ml g -1 min -1 , crotoxin 80 = 0.70 ± 0.05 ml g -1 min -1 , P<0.05), as illustrated in Figure 2 .
In contrast, in the perfused kidney group, the crude venom and crotoxin significantly decreased percent sodium tubular transport (control 100 = 75.0 ± 2.3 ml g -1 min -1 , venom 100 = 62.9 ± 1.0 ml g -1 min -1 , crotoxin 80 = 69.0 ± 1.0 ml g -1 min -1 , P<0.05) (Figure 3 ). In the kidneys perfused with 10 µg/ml crotoxin there was no significant decrease in perfusion pressure, with mixed responses in individual experiments. This trend was also observed for the group treated with the crude venom ( Figure 4 ).
Histological evaluation of control group kidneys and kidneys treated with Crotalus durissus terrificus venom and crotoxin
The histological evaluation of kidneys from the control group revealed good preservation in contrast to kidneys treated with crude venom and crotoxin which showed abundant protein material in the urinary space and tubules.
Discussion
Most venoms probably exert their effects on almost all cells or tissues and their pharmacological properties are determined by various biologically active components (12) . Nephrotoxicity is a complication observed in most snakebites (4) . Snake venom produces effects that may be directly or indirectly promoted by the release of active pharmacological substances (5) .
The presence of many natriuretic peptides has been reported in snake venom (27, 28) . A gene has been identified that codes for seven bradykinin-potentiating peptides and also a C type natriuretic peptide in the venom of Bothrops jararaca by Camargos group (29) and the diuretic and natriuretic effects promoted by the peptide called DNP, isolated from the serpent Dendroaspis angusticeps (green mamba), have been recently described (30) . Evaluation of renal functional parameters after crude venom and crotoxin administration has suggested a direct effect on the glomeruli resulting in an increase in glomerular filtration rate and a rise in urinary flow rate that could be explained by the presence of natriuretic peptides in the venom. We believe that this discrepancy regarding polyuria instead of the oliguria found in clinical envenomation is due to lack of myoglobinuria in the isolated rat kidney model. Sodium excretion depends on the relationship between glomerular filtration rate and sodium reabsorption. In the present experiments, the fractional sodium tubular transport was reduced in the venom-treated group, and crotoxin was also able to produce this effect when compared to the controls.
We recently demonstrated that Crotalus durissus cascavella venom increased the perfusion pressure in the isolated rat kidney 26) . In the kidney perfused with Crotalus durissus terrificus crude venom, the perfusion pressure tended to decrease, but not significantly, so crotoxin had no prominent effect on the kidney vasculature. A large amount of protein material was observed in the glomeruli of the crude venom and in the crotoxin-treated group, probably because of a direct toxic effect of the venom on the glomeruli and tubules or due to an increase in vascular permeability as a result of endothelial injury which could not be demonstrated by light microscopy.
The enzymatic action of phospholipase on the membrane phospholipid can change membrane permeability by itself (31) . A factor has been described in B. jararaca venom which contains phospholipases and which may be related to prostaglandin and leukotriene formation, thus causing an increase in vascular permeability, edema and low blood pressure (32) . This could account for protein leakage into the tubular spaces.
The release of mediators, including biological amines such as histamine, serotonin or prostaglandins, may play a major role in the pathogenesis of edema. The release of these compounds is related to an increase in capillary permeability, a drop in blood pressure and shock. The enzymes involved in these processes are the kininogenases, phospholipases and hydrolases of arginine ester. The release of histamine is related to phospholipase concentrations (33) .
We also demonstrated recently in the isolated rat kidney that the venom of Crotalus durissus cascavella caused lesions by a direct action on the tubular and glomerular cells or indirectly by the release of mediators from the endothelial layer (26) .
We conclude that Crotalus durissus terrificus venom and crotoxin, its major component, caused acute nephrotoxicity in the isolated rat kidney, which differed from the one described for rattlesnakes. We suggest that the renal alterations due to Crotalus durissus terrificus venom may also be the result of a direct action or release of mediators by kidney tissues. The current experiments are the first demonstration of a direct effect of the venom and crotoxin on the isolated kidney in the absence of systemic factors and in a cell-free perfusate.
